Further to planar single-layer hexagonal structures, GaN and AlN can also form free-standing, single-layer structures constructed from squares and octagons. We performed an extensive analysis of dynamical and thermal stability of these structures in terms of ab initio finite-temperature molecular dynamics and phonon calculations together with the analysis of Raman and infrared active modes. These single-layer square-octagon structures of GaN and AlN display directional mechanical properties and have wide, indirect fundamental band gaps, which are smaller than their hexagonal counterparts. These density functional theory band gaps, however, increase and become wider upon correction. Under uniaxial and biaxial tensile strain, the fundamental band gaps decrease and can be closed. The electronic and magnetic properties of these single-layer structures can be modified by adsorption of various adatoms, or by creating neutral cation-anion vacancies. The single-layer structures attain magnetic moment by selected adatoms and neutral vacancies. In particular, localized gap states are strongly dependent on the type of vacancy. The energetics, binding, and resulting electronic structure of bilayer, trilayer, and three-dimensional (3D) layered structures constructed by stacking the single layers are affected by vertical chemical bonds between adjacent layers. In addition to van der Waals interaction, these weak vertical bonds induce buckling in planar geometry and enhance their binding, leading to the formation of stable 3D layered structures. In this respect, these multilayers are intermediate between van der Waals solids and wurtzite crystals, offering a wide range of tunability.
I. INTRODUCTION
Three-dimensional (3D) group III-V compound nitride semiconductors in wurtzite and zinc-blende structures, in particular GaN and AlN, have been subjects of active research in materials science and device physics. As wide-band-gap semiconductors, they are used in a wide range of technological applications, in microwave communication, lasers, detectors, light emitting diodes, water/air purification in UV range, etc. [1, 2] . After the synthesis of graphene [3] , questions have been raised as to whether group IV elemental and group III-V compound semiconductors can form stable single-layer (SL) graphenelike structures, despite the fact that they do not have layered structures like graphite. As early as in 2005, theoretical studies based on the total energy minimization have shown that, in fact silicon, GaN, GaAs, and AlN can form stable, SL structures in honeycomb structure with twodimensional (2D) hexagonal (h) lattice [4] . Motivated with this result, extensive studies based on ab initio density functional theory (DFT) calculations of total energy, phonon, and finitetemperature molecular dynamics calculations demonstrated that SL silicene [4, 5] , germanene [5] , group IV-IV and III-V compounds [4, [6] [7] [8] , as well as group II-VI compounds like ZnO [9] , can form stable, free-standing, SL structures. Now, silicene and germanene can be grown on metal substrates [10] [11] [12] .
Prediction of free-standing SL GaN and AlN in planar honeycomb structure, i.e., h-AlN and h-GaN, have initiated several theoretical studies attempting to reveal their mechan-* seymur@unam.bilkent.edu.tr † ciraci@fen.bilkent.edu.tr ical, electronic, and optical properties [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . While 3D wurtzite GaN (wz-GaN) is a direct-band-gap semiconductor and corresponds to a global minimum, SL h-GaN has relatively larger indirect fundamental band gap [21] . This situation is attributed to the confinement effect. Conversely, while 3D wz-AlN has a wide direct band gap, SL h-AlN is a relatively smaller but indirect band gap. Additionally, these SL phases also display optical properties different from those of their parent 3D wz-structures. Meanwhile, important optoelectronic applications [1] of 3D wz-GaN and wz-AlN rendered the synthesis of 2D SL AlN and GaN a priority study. Eight years after its first prediction [4] , Tsipas et al. [28] have demonstrated the epitaxial growth of ultrathin hexagonal h-AlN on Ag(111) substrate. More recently, Balushi et al. [29] achieved the growth of one-to two-layer 2D h-GaN on SiC(0001) surface via graphene encapsulation method.
The physical and chemical properties of 2D SL structures have a close bearing on their atomic structure and 2D lattice symmetry. In addition to the planar SL honeycomb structure of carbon, namely graphene, other 2D allotropes, graphyne and graphdynes, were also investigated [30] [31] [32] [33] [34] . α-and β-graphynes are semimetals with Dirac cones, but γ -graphyne is a semiconductor. Another critical example is SL h-MoS 2 that has a honeycomb structure and is a semiconductor, while SL MoS 2 structure consisting of square and octagons (or so-structure) have bands showing both massless Dirac fermion and heavy fermion character [33] . It has been shown that pnictogens can also form buckled so-structures with different properties [35] . In view of these findings, possible square-octagon (haeckelite) structures of SL GaN and AlN have been brought into focus. In fact, more recently, SL so-GaN [36, 37] and so-AlN [38] structures have been predicted by first-principles calculations. More recently, Kolobov et al. [23] , based on first-principles calculations, pointed out that a few-layer h-GaN gets instability and spontaneously reconstructs into a structure, which is hexagonal in plane, but forms haeckelite structure consisting of alternating square and octagons with bonds between adjacent layers.
Motivated by the diverse properties of 2D SL h-GaN and h-AlN predicted by theoretical studies, also recent synthesis of ultrathin 2D GaN and AlN layers of SL GaN and AlN, we carried out an extensive study on SL and multilayer (ML) so-GaN and so-AlN structures using spin-polarized DFT. First, the dynamical and thermal stability of so-structures of GaN and AlN are assured by performing ab initio phonon and finite-temperature molecular dynamics calculations. Analysis of phonon modes revealed Raman and infrared (IR) active modes, which constitute firm data to compare with experiment. Calculations of elastic properties, such as in-plane stiffness and Poisson's ratio, present evidence that these SL square-octagon structures are rather robust. The calculated cohesive energies are comparable to those of SL h-GaN and h-AlN, but smaller than those of 3D wz-GaN and wz-AlN, implying a negative formation energy. Both so-GaN and so-AlN have indirect band gaps smaller than those of SL h-GaN and h-AlN. Additionally, their gaps decrease and eventually close with increasing uniaxial and biaxial strains. In bilayer (BL), trilayer (TL), and 3D periodic layered structures having diverse stacking geometries, the vertical anion-cation bonds form between layers; they are longer than similar in-plane bonds, but induce chemical interaction in addition to the attractive vdW interaction. This way, modification of physical properties, in particular those of the electronic structure, with the number of layers are enhanced and binding energies between the layers are increased. Finally, we investigated the chemical doping of SL so-GaN and so-AlN with selected adatoms and showed that the electronic structure of the bare so-structures can be modified by the localized gap states. On the other hand, the vacancy of a cation-anion pair leads to local deformations and also induces localized gap states as well as permanent magnetic moments.
II. METHOD
We have performed self-consistent field, first-principles plane-wave calculations within spin-polarized, density functional theory (DFT) for total energy and electronic structure calculations. The projector-augmented-wave (PAW) formalism [39] is used as implemented in the Vienna ab initio simulation package (VASP) [40, 41] . The electron exchange and correlation (XC) potential is described by the PerdewBurke-Ernzerhof (PBE) form within the generalized gradient approximation (GGA) [42] . In the self-consistent field potential and total energy calculations, a (9×9×1) set of k points generated by Monkhorst-Pack scheme [43] is used for Brillouin zone (BZ) integration. Various tests are performed regarding vacuum level, kinetic energy cutoff, number of bands, k points, and grid points. Kinetic energy cutoff for plane-wave basis set is taken as 520 eV. The total energies are minimized with an energy difference between the sequential steps set to 10 −5 eV for convergence. The Fermi level smearing factor was taken as 0.05 eV, but 0.01 eV for band structure calculations. All atomic positions and lattice constants are optimized within the conjugate gradient method until the atomic forces were less than 0.002 eV/Å. Pressures on the lattice unit cell are decreased to values less than 1 kB. Vacuum spacing is kept at 15Å between single layers.
In analyzing energetics, the cohesive energies of SL so-GaN and so-AlN structures (per a pair of anion (A = N) and cation (C = Ga or Al) or C-A) are calculated using the expres-
, where E T [Ga(Al)] and E T [N] are the total energies of free Ga(Al) and N atoms, respectively, and E T [Ga(Al)N] is the total energy of SL so-Ga(Al)N structure per C-A pair. By definition, the binding structures have E c > 0. The formation energy of a SL so-Ga(Al)N structure at
is calculated by subtracting the cohesive energy of bulk wz-crystal from that of corresponding SL so-structure. Generally, E f < 0 indicates that the corresponding structure may correspond to a local minimum on the Born-Oppenheimer surface. The average binding energy of layers in a ML structure consisting of n layers can be expressed as
We calculate the phonon spectrum using a small displacement method. The force constant matrix is constructed by slight displacement of atoms in a (6×6×1) supercell. PHON software was used to determine the necessary displacements and to calculate the phonon dispersions using the obtained force constants [44] .
III. SQUARE-OCTAGON STRUCTURES AND THEIR STABILITIES
We first determine the optimized structures of SL so-GaN and so-AlN as described in Fig. 1(a) . They are planar and have 2D square lattice. In Fig. 1(b) , isosurfaces and contour plots of charge density describe cation-anion bonds and charge transfer from cations to anions. The total energies of SL so-GaN and so-AlN without vdW correction are calculated to Ga-N and Al-N pair, respectively. However, their formation energies (E f = −1.23 eV for so-GaN and E f = −2.23 eV for so-AlN) are found to be negative and indicate that these structures may correspond to local minima. The stability in these local minima are assured through the ab initio calculation of phonon frequencies, high-temperature molecular dynamics, and elastic constants.
A. Dynamical stability, symmetries of phonons
Since optimized SL so-GaN and so-AlN have sizable positive cohesive, but negative, formation energy, the tests of stability of these structures become crucial. Dynamical stability at T = 0 K is tested by ab initio phonon calculation in the Brillouin zone [44] . Phonon dispersions along symmetry directions of the BZ are presented in Fig. 2(a) . Positive frequencies calculated for all k points ensure the dynamical stability of SL so-GaN and so-AlN. Overall, the phonon modes of so-AlN are more dispersive compared to that of so-GaN. For example, so-GaN has a gap between 420 and 520 cm −1 , while in so-AlN that region is filled with dispersed bands.
The geometry of the so-structures belongs to the point group D 4h . In this respect, the phonon modes are expected to be either nondegenerate or double degenerate at the point corresponding to either A, B, or E modes, respectively. The phonon modes corresponding to irreducible representations A 1g , B 1g , and B 2g are Raman active, while those corresponding to A 2u and E 2u are infrared active.
The character of optical modes at the point is revealed for both so-GaN and so-AlN in Fig. 2(a) . The eigenvectors of Raman active modes are presented in Fig. 2(b) . All Raman active modes are due to in-plane atomic displacements. Here, the modes are arranged from left to right and from top to bottom in the decreasing order of frequencies. The B 2g mode of so-GaN around 420 cm −1 appears around 680 cm −1 in so-AlN. This corresponds to the biggest shift compared to other modes and it is characterized by displacements of Ga or Al atoms in opposite directions along the diagonal of the squares. The A 2g mode has similar character and it also has a significant frequency shift when two so-structures are compared. The A 1g mode of so-GaN around 260 cm −1 has similar character and it also has a significant frequency shift reaching 466 cm −1 in so-AlN. Three in-plane E u modes and one out-of-plane A 2u mode comprise the infrared active phonons of so-structures. The eigenvectors of these modes are presented in Fig. 2 (c) from left to right in the decreasing order of frequencies. The infrared modes are dominated by displacements of N atoms. In the infrared active modes, two N atoms in the same square move in the same direction while in the Raman active modes, the opposite is true. The E u branches with the highest frequencies have striking similarity to the Mexican hat dispersion of the valence band edge of so-structures [45] . Hence, the Mexican hat dispersion that appears both in the electronic and phononic band structures can be interpreted as a fundamental property of interactions in the so geometry.
B. Thermal stability
Even if SL so-structures are dynamically stable at T = 0 K, their stability against thermal excitation is essential for their stability in possible technological applications. Thermal stability of so-structures was tested at high temperatures by ab initio molecular dynamics (MD) calculations. We simulated microcanonical ensemble using Berendsen thermostat. We use a time step of 2 fs for the integration of the equations of motion. Kinetic energies are rescaled in every 50 steps. We first increase the temperature of the system from 0 to 1000 K in 2 ps and then keep the system at 1000 K for another 2 ps. In Figs Briefly, despite significant displacements of atoms, overall square-octagon structure is maintained and the stability of free-standing so-structures is assured at high temperature. 
C. Mechanical properties
Further to dynamical and thermal stability analysis, we calculate the mechanical properties of SL so-structures including the in-plane stiffness and the Poisson's ratio [46] . Mechanical properties of both structures are investigated in the harmonic range of the elastic deformation, where the structure responded to strain, linearly. We first apply strain varying between −0.01 and +0.01 along the lattice vectors that lie on x and y axes and calculate the total energy E T [ x , y ] for each case. Here, x and y are applied strains along x and y axes, respectively. Then, we fit the results to the following quadratic polynomial:
where a 1 , a 2 , and a 3 are fitting parameters and E T [ x = 0, y = 0] is the energy of the unstrained system. Here, a 1 = a 2 because of the symmetry. The in-plane stiffness (C 1 ) and the Poisson's ratio (ν 1 ) corresponding to the uniaxial strain along the lattice vectors can be expressed in the following way:
where A 0 is the area of the unstrained unit cell. We also calculated the in-plane stiffness and the Poisson's ratio corresponding to the uniaxial strain along the diagonals of the unit cell that lie on x = y and −y lines. In this case, we apply strain ranging from −0.01 to 0.01 along y = x and −x lines and calculate the total energy E T [ y=x , y=−x ]. Here, y=x and y=−x are applied strains along y = x and −x lines, respectively. Then, we fit the results to the following quadratic polynomial:
where b 1 , b 2 , and b 3 are fitting parameters. The in-plane stiffness (C 2 ) and the Poisson's ratio (ν 2 ) corresponding to the uniaxial strain along the diagonals of the unit cell can be expressed in the following way:
Calculated values for C 1 , C 2 , ν 1 , and ν 2 are listed in Table I . Notice that C 2 values are about three times higher than C 1 values, which means that the so-structures are stiffer against the strain applied along the diagonals compared to the one applied along the lattice vectors. Concomitantly, ν 1 values are about three times higher than ν 2 values.
IV. ELECTRONIC STRUCTURE
The electronic energy band structure of SL so-GaN and so-AlN calculated using PBE are presented in Fig. 4 . Both structures are wide, indirect-band-gap semiconductors. In Tables I and II , relevant values concerning the electronic structure are presented. Those values of SL h-GaN, h-AlN, 3D wz-GaN, and 3D wz-AlN are also included for comparison. In Fig. 4(a) , the indirect band gap of so-GaN is E g,i = 1.85 eV and occurs between the minimum of conduction band (CB) at the point and maximum of the valence band (VB) along -X direction. The lowest conduction band is constructed from antibonding s orbitals with small p xy contribution. The total density of states (TDOS) is low at the edge of CB due to the high dispersion of this band. The highest valence bands have low dispersion; one of them has maximum away from the center of the BZ. This corresponds to the so-called "Mexican hat" dispersion. Accordingly, TDOS near the edge of VB is high. These two bands are derived from p z orbitals of nitrogen atoms. The energy bands of so-AlN presented in Fig. 4(b) as well as corresponding TDOS display features similar to those of so-GaN, except the indirect band gap which is relatively larger and E g,i = 2.78 eV. In both SL structures states projected to N atoms dominate TDOS of VB for −3 eV < E < 0 eV. Charge density isosurfaces of the bands at the edge of CB and VB of so-GaN and so-AlN presented in Figs. 4(c) and 4(d) confirm the above arguments about the character of these bands. These band gaps are smaller than the indirect band gaps of SL h-GaN and h-AlN. While the fundamental band gap of bulk 3D wz-GaN calculated using PBE is direct and smaller than the corresponding indirect band gaps of SL so-GaN, the direct fundamental band gap of 3D wz-AlN calculated PBE is larger than the indirect band gap of SL so-AlN. This order is unaltered even after HSE corrections. The same paradoxical trends exist between 3D wz-structures and h-structures. Namely, while the fundamental band gap of bulk 3D wz-AlN calculated using PBE is direct and smaller than the corresponding indirect band gaps of SL h-GaN, the direct fundamental band gap of 3D wz-AlN calculated PBE is larger than the indirect band gap of SL h-AlN. The increase of the fundamental band gap of GaN by going from 3D to SL 2D can be reconciled with the confinement effect; we think that another effect related with the polarity of bonds in AlN might reduce the effect of the confinement by going from 3D to 2D, and hence be responsible for the above paradoxical situation.
Since PBE underestimates the fundamental band gap, the PBE bands are corrected by using HSE [53] . The indirect band gaps of so-GaN and so-AlN increased upon HSE correction to E g,i = 3.37 and = 4.09 eV, respectively. The calculated electronic properties confirm that SL so-structures are stable wide-band semiconductors promising potential applications similar to SL hexagonal structures and 3D wz-bulk crystals.
A. Effect of strain
Uniaxial or biaxial strain are known to provide a tool to tune the fundamental band gap of 2D SL and multilayer structures. The effects of uniaxial and biaxial strains on the fundamental band gap are presented in Fig. 5 . The uniaxial strain x is applied along the x direction and the structure is optimized by keeping the lattice constant a 1 = a 1 (1 + x ) fixed, but relaxing a 2 and all the atomic positions to minimize the total energy of the strained system. For the optimized structure corresponding to each applied value of x the electronic band structure is calculated and the fundamental band gap is determined. In the biaxial case, the structure is optimized with fixed lattice constant a 1 = a 2 = a 1 (1 + ). The fundamental band gap of each optimized structure is calculated to plot E g,i versus strain.
In Fig. 5(a) , the fundamental band gap of SL so-GaN decreases with increasing uniaxial strain x . In the biaxial strain case ( x = y ), the variation of band gap is almost linear with ; the gap increases with compression, but decreases with TABLE III. Optimized total energies (E T per unit cell), the length of vertical C-A bonds (d v ), and buckling ( ) calculated for bilayers having different stacking geometries (AA , AB, and cubane) using different vdW corrections.
AA
AB Cubane expansion. For x = y > 0.1, the gap is closed. In the case of SL so-AlN presented in Fig. 5(c) , the fundamental band gap decreases with increasing uniaxial strain. Under biaxial strain, SL so-AlN exhibits a behavior similar to that shown by so-GaN.
B. Bilayers and multilayers
The atomic and electronic structures of SL structures of GaN and AlN are subject to changes upon BL and ML formation. Perpendicular cation-anion bonds can form between single layers for specific stacking geometries of BL and result in the buckling in the planar geometry. These structural transformations involving interlayer chemical interactions in addition to van der Waals (vdW) attraction give rise to marked changes in the electronic structure. Here, stacking geometry, dominant interlayer interactions, as well as number of layers in ML formation become crucial parameters to control the properties of these artificial materials. The perpendicular cation-anion bonds are not as strong as lateral bonds and display a different character, but they provide interlayer interaction stronger than vdW interaction and they become more influential on the physical properties.
Here, we first carried out systematic calculations by using different vdW corrections [54] [55] [56] [57] included to GGA within PBE (see Table III ) for the optimized interlayer distances of well-known layered materials like graphite and layered MoS 2 , etc. Based on the comparison between predicted and experimental interlayer distances we choose the vdW correction due to Grimme et al. [55] in all bilayer and multilayer calculations in this study. As shown in Figs. 6(a)-6(c), among all other possible geometries, three stacking geometries in BL are critical: these are cubane, AB, and AA . In cubane-type stacking, the primitive unit cells of two layers are exactly on top of each other, except the positions of cations (anions) in the bottom layer are exchanged by anions (cations) in the adjacent layer. Additionally, four vertical cation-anion bonds are pressed to form a cubane of Ga-N bonds, whereas other vertical bonds remained relatively longer. This way, single layers forming this structure acquired a significant buckling and attained haeckelite form even at side view. Interestingly, a similar situation is found in the multilayer structures of h-GaN [23] . However, cubane BL of so-AlN did not form; the structure starting from cubane BL transforms to AA BL in the course of structure optimizations. Apparently, cubane BL of so-AlN does not have a local minimum. In the AB stacking, the centers of squares of the top layer are located at the centers of bottom octagons. This way, BL has four vertical bonds of 2.11Å and has significant buckling. In AA stacking, the primitive unit cells of two layers are exactly on top of each other, except the positions of cations (anions) in the bottom layer are exchanged by anions (cations) in the adjacent layer and layers remained planar with negligible buckling. Eventually, eight vertical cation-anion bonds can form between two layers. This way, each cation in the bilayer is fourfold coordinated by anions and vice versa; among these four cation-anion bonds one bond, that is, the vertical bond, is ∼17% larger than three other in-plane d 1 /d 2 bonds. Namely, while the lengths of in-plane Ga-N bonds are 1.83-1.91Å, the length of vertical Ga-N bonds is 2.23Å. The charge density difference calculated by subtracting the charge densities of the top and bottom SL layers from the charge density of BL, i.e., ρ(r) = ρ BL (r) − ρ SL 1 (r) − ρ SL 2 (r) shown in Fig. 6(d) , clearly indicates vertical covalent+ionic bonding between cation and anion. Similar stacking geometries and sequences followed also for trilayers (TL) and periodic 3D layered structures. Calculated total energies, layer binding energies, and band gaps of BL, TL, and 3D layered structures are presented in Table IV. Among three stacking geometries, BL with AA stacking has lowest total energy. Relatively longer eight vertical bonds in the unit cell imply weaker chemical interaction. The binding energy between two so-GaN layers of BL in AA stacking comprises vdW and chemical interaction and is calculated to be 400 meV per vertical Ga-N bond (or 1.60 eV per layer per unit cell). This is stronger than the usual vdW interaction and includes a significant contribution from weak Ga-N vertical bonds constructed on Ga p z -N p z orbitals. Owing to the formation of vertical bonds, planar so-GaN is slightly buckled by = 0.09Å.
A similar situation arises in TL structure of AA stacking with slightly longer bond lengths and slightly lower binding energy of layers with 382 meV per vertical Ga-N bond. In 3D periodic layered structure of AA stacking, the length of the vertical bond is 2.25Å and the binding energy is 399 meV per vertical bond. BL, TL, and 3D periodic layered structure of so-AlN in AA stacking sequence displays similar trend with layer binding energies 620, 607, and 645 meV per vertical Al-N bonds. 3D periodic layered structures of so-GaN and so-AlN starting from the AB stacking underwent significant relaxation in the course of optimization and transformed to structures similar to 3D wz-GaN and wz-AlN. These structures are most energetic (have lowest total energy) among 3D layered structures having AA and cubane stacking, but they are still less energetic relative to 3D wz-structures in the global minimum.
In closing this part, we emphasize that the interlayer interaction in multilayers of so-GaN and so-AlN involves chemical interaction in addition to attractive vdW, and hence it is usually stronger than that in van der Waals solids. Based on ab initio phonon and finite-temperature MD calculations we found that multilayers and 3D layered structures are stable. Apparently, multilayers in Table IV constitute a different class of vertically layered structures, which is intermediate between vdW and wurtzite/zinc-blende crystals.
V. CHEMICAL DOPING OF SELECTED ADATOMS
Interaction between so-structures and single foreign atoms is important. Mechanical, electronic, and magnetic properties can be modified by foreign atoms. In this paper, we studied the chemisorption of single H, O, N, Ga atoms on SL so-GaN and H, O, N, and Al atoms on SL so-AlN. To mimic the adsorption of single (isolated) atom to SL so-structures we considered one adatom adsorbed at the same position of (4×4) supercell with (3×3×1) k-point sampling. A supercell of this size is sufficient to minimize the adatom-adatom coupling. To find the equilibrium position of an adatom on the SL so-structures, we calculated total energy for various adsorption sites and minimized it by varying its height. The adsorption site corresponding to the lowest total energy is taken as the equilibrium site for a given atom. The binding energy is calculated as
terms of the total energies of bare SL so-structure, of free adatom and of adatom adsorbed to so-structure, respectively. E b > 0 indicates adatom's binding is favored energetically. In Table V , the optimized equilibrium sites of adatoms, their binding energies, and magnetic moments are given. All adatoms treated in this study form strong chemisorption bonds with SL so-substrates with binding energies ranging from 1.27 to 3.83 eV. H and O atoms are adsorbed on top of N atoms of the so-substrates. N adatom favors to form N 2 formation, which is embedded to the plane of so-GaN forming bonds with nearby atoms. Ga adatom forms a dumbbell structure on SL so-GaN by pushing the host Ga down from its plane.
The effects of the adatoms H and O on the electronic structure of SL so-structures are analyzed in Fig. 7 in terms of total (TDOS) and atom projected (PDOS) densities of states. To determine the energy positions of the adatom driven localized states relative to the band edges of the bare so-structure, we also calculated the density of states projected on a cation-anion pair far from the adatom in the supercell [58] . The projected density of states calculated this way sets the fundamental band gap of the large, bare so-structures. In the same figure, we also present charge density isosurfaces of specific states corresponding to the peaks in the adatom projected density of states.
Hydrogen adatom adsorbed on top of N atom gives rise to the 2p z -like states near the conduction band edge, which are localized at second-nearest-neighbor N atoms of so-GaN. In the case of so-AlN, states localized at N atom just below H occur below and above the Fermi level. Oxygen adatom adsorbed on top of N atom gives rise to localized states below the valence band edge and above the conduction band edge of so-GaN. States of O adatom adsorbed on top of N atom of soAlN occur at the edge of the conduction band. Permanent and local magnetic moments of 1.0 bohrs magneton are attained upon the adsorption of N and Ga adatoms to SL so-GaN and upon the adsorption of H, N, and Al adatoms to SL so-AlN. Adatom induced localized states and their charge distribution can be imaged by STM [59] .
VI. VACANCY FORMATION
A vacancy of cation-anion pair formed in a so-structure gives rise to localized states, which can influence the electronic structure. Electronic states of a pair of vacancies are investigated in (4×4) supercells by using (3×3×1) k-point sampling by including spin polarizations. The formation energy of a cation-anion pair of vacancies is calculated using the expression
terms of the total energy of SL so-GaN and so-AlN structures containing a pair of cation-anion vacancies and that of the bare so-structures containing m cation-anion pairs. All calculations are performed in a (4×4) supercell with full structure optimization. Here, we considered two situations for each so-structure, where either one cation and one anion at different locations of the supercell are removed or a single cation-anion bond is removed. In both cases, charge neutrality is maintained.
The formation energy of a neutral Ga-N (Al-N) vacancy is calculated to be 8.66 eV (11.06 eV), if single Ga (Al) and N vacancies occur in different bonds. On the other hand, the formation energy of a pair of Ga-N (Al-N) vacancy created by removing nearest Ga (Al) and N atoms, which form a Ga-N (Al-N) bond from a square of a SL so-GaN (so-AlN) is calculated to be 5.18 eV (7.22 eV). If a similar pair of Ga-N (Al-N) vacancy is created in a cation-anion bond of octagon of a SL so-GaN (so-AlN), the formation energy is calculated to be 5.65 eV (7.09 eV). These results indicate that the formation energy of adjacent cation-anion vacancy depends on its location. Also, when cation and anion vacancies are not adjacent, the formation energy becomes larger since more bonds ought to be broken compared to the adjacent cationanion vacancy.
SL so-GaN or so-AlN acquires a permanent magnetic moment of 2.0μ B through the formation of a cation-anion vacancy. This way, SL so-structure can attain large and local magnetic moments by creating a large amount of cation-anion vacancies in a domain. Not only magnetic properties, but also electronic structure of SL so-structure are modified by forming a cation-anion vacancy. For example, in Figs. 8(a)-8(c) the Ga and N vacancies occurring in different bonds gives rise to the peaks in the fundamental band gap. The strongest peak N 1 occurs in the midgap and is due to filled states localized at N atoms nearest to Ga vacancy. The peak of empty states Ga 1 , which are localized at Ga atoms nearest to N vacancy, occurs near the conduction band edge. In the case of a pair of adjacent Ga-N vacancies in Figs. 8(d)-8(f) , the N 1 peak of empty states, which is localized at N atoms nearest to the Ga vacancy, occurs above the Fermi level. In so-AlN structure gap states localized at N atoms nearest to the Al vacancy are occupied, whereas states localized at Al atoms nearest to N vacancy in a different Al-N bond are unoccupied, as seen in Fig. 9 . However, when Al and N vacancies are adjacent and occur at one of the sides of a square, all gap states are localized at N atoms nearest to Al vacancy; but, no gap states occur localized at Al atoms nearest to N vacancy. Occurrences of localized gap states in diverse energies in the band gap have a close bearing on the cation-anion vacancy having different bond angles and hence sp x hybridization. Briefly, cation-anion neutral vacancies of so-structures give rise to localized gap states, which modify the electronic structure significantly.
VII. CONCLUSIONS
While 2D hexagonal structures of AlN and GaN are gaining importance following the synthesis of their ultrathin layers, we investigated single-layer, square-octagon structures of GaN and AlN. To ensure their stability at room temperatures, we first carried out an extensive analysis of dynamical and thermal stability using ab initio phonon and finite-temperature molecular dynamic calculations, which indicated that these free-standing structures remain stable at high temperature. Our study of mechanical properties provided evidences that they are robust. We analyzed the symmetries of phonon modes and revealed the Raman and infrared active modes as fingerprints of these structure. We predict a strong directionality in the calculated elastic constants. In particular, these structures become stiffer under the tensile stress along the diagonal of the unit cell. Both so-GaN and so-AlN structures are wide-band-gap semiconductors with indirect fundamental band gap. Under uniaxial and biaxial strain, these band gaps reduce and eventually are closed with increasing strain. The electronic structure can also be modified by forming bilayers, multilayers, and 3D layered structures through stacking of planar so-structures. We considered three different types of stacking geometries and investigated their energetics, stability, and electronic properties. As a most remarkable feature of these multilayer so-structures we found the vertical cationanion bonds between adjacent layers. These bonds are weaker than the in-plane cation-anion bonds, but contribute to the van der Waals interaction in the binding of layers. The planar geometries of the constituent layers are buckled in multilayer structures. Moreover, because of the electronic coupling between layers, the effect of multilayer formation on the electronic structure is stronger than those in vertical van der Waals solids. In this respect, bilayers and multilayers constructed by the stacking of planar, single-layer GaN and AlN differ from van der Waals solids. For specific stacking geometries, we predict that stable 3D layered structures can be constructed from single layers, which can have direct band gaps with cohesive energies slightly smaller than that of 3D wurtzite structures known to correspond to the global minimum.
Finally, we investigated the effects of adatoms adsorbed to so-structures and creation of the vacancy of a cation-anion on electronic and magnetic properties. Specific adatoms can modify the electronic structure through their localized gap states and can acquire local magnetic moment. As a result, by decoration of adatoms and doping, so-structures can be functionalized to present new physical properties. As a point defect, neutral vacancy of a cation-anion pair gives rise to diverse electronic structure and local magnetic moment. In particular, depending on the locations of cation and anion vacancies, localized gap states occur in different energies in the band gap. This situation stems from different bond angles and resulting sp x hybridization in the square-octagon rings. In conclusion, we showed that square-octagon structures of nitride semiconductors are stable and robust and offer several properties suitable for 2D electronics. They can be functionalized by adatoms and vacancies, and they can construct multilayers to form new nanostructures. In plane and vertical heterostructures of so-GaN and so-AlN one can form multiple quantum wells and resonant tunneling devices.
